The partial and integral enthalpies of mixing of liquid Cu-In-Sn alloys were determined at 1073 K by a drop calorimetric technique using a Calvet-type microcalorimeter. The three binary interaction parameters and the ternary interaction parameters were optimized based on the Redlich-Kister-Muggiano model. The iso enthalpy curves of the ternary Cu-In-Sn system at 1073 K were constructed. The temperature effect on the ternary system was investigated. Our measurements were compared to the calculations based on several extrapolation models and CALPHAD results.
Introduction
Lead-tin base solders have long been the most popular materials for electronic packaging because of their low cost and superior properties required for interconnecting electronic components. However, the toxic nature of lead and the increasing awareness of its adverse effect on environment and health have led to the pressing need for development of lead-free solders in recent years. Concern about the use of tin-lead solders in the electronics industry stems from occupational exposure, lead waste derived from the manufacturing process, and the disposal of electronic assemblies. It is now widely agreed that the main component of new leadfree solders will be tin (e.g., Sn-Ag, Sn-Cu, Sn-Ag-Cu). One of the disadvantages of the above solder alloys is their higher melting point-compared with the traditional tin-lead solders-which creates some problems for the electronics industry; for one thing, the soldering processes would have to be adapted to higher temperatures; for another, all electronic devices, including the printed circuit boards, would have to be manufactured to withstand such higher soldering temperatures. Thus it is quite serious and urgent to reduce the melting temperature of the lead-free solder materials by alloying with additional elements, e.g. indium (mp 156. 6 C) as in the Cu-In-Sn system. 1) Thermodynamic data are of great importance for the accurate calculation of phase diagrams, for the development of a lead-free solder database, for the design of new lead-free solders, and for the prediction of physical and chemical properties of lead-free solders, such as surface tension and viscosity. Therefore, it is necessary to study the thermodynamic properties of the ternary Cu-In-Sn system.
Literature Review

The Cu-In binary system
The thermodynamic properties of liquid Cu-In alloys have been investigated with a calorimetric method [2] [3] [4] and with an EMF method. [5] [6] [7] The values for the integral enthalpies differ strongly from each other. Kang found a strong temperature dependence of the values for the integral enthalpy of mixing, which was not reported by any other author. A thermodynamic optimization of this binary system has been developed by Kao et al., 8) Liu et al., 9) and Hertz et al. 10) Knott and Mikula 11) recently gave a complete investigation of this system with calorimetric method. They measured the integral enthalpies of mixing at 973 K, 1073 K, 1173 K, and 1273 K. The temperature dependence of the enthalpy of mixing was confirmed by their measurements.
The Cu-Sn binary system
Calorimetric investigations for the liquid phase had been done over the whole composition range. 12, 13) Predel and Schallner 5) investigated the thermodynamic properties with an EMF method. Hultgren et al. 14) selected the thermodynamic properties of liquid phase at 1400 K. A thermodynamic assessment has been done by Shim et al. 15) using the CALPHAD method. Recently calorimetric measurements over wide temperature range were performed by Flandorfer et al. 16) They found the enthalpies of mixing of liquid alloys was strongly temperature dependant.
The In-Sn binary system
Several calorimetric investigations of the enthalpy of mixing of liquid In-Sn alloys can be found in the literature. [17] [18] [19] [20] The agreement among these authors is generally quite good. A thermodynamic assessment of this system has been done by Lee et al. 21) Recently in our group Luef et al. 22) measured this system at 1173 K over the entire composition range.
2.4
The Cu-In-Sn ternary system Liu et al. 23) investigated phase equilibria of this ternary system based on the CALPHAD method. According to the best knowledge of the authors, no experimental thermodynamic investigation about this system is available in literature.
Experimental Procedure
In order to determine the enthalpy of mixing of the ternary Cu-In-Sn system, a Calvet-type microcalorimeter (SETAR-AM, Lyon, France; thermopile with more than 200 thermocouples, wire wound resistance furnace, automatic drop device for up to 30 drops, control and data evaluation with LabView and HiQ) was used. The calorimeter was described in more detail by Flandorfer et al. 24) To prevent oxidation all measurements were performed under argon flow (around 30 cm 3 /min). After each series of drops, the calorimeter was calibrated by adding 5 pieces of NIST standard -Al 2 O 3 (National Institute of Standards and Technology, Gaithersburg, MD).
The interval between individual drops was 40 min. The obtained signals were recorded and integrated. The measured enthalpy (integrated heat flow at constant pressure) is
Where n i is the number of moles of the added sample, H Sample,FT the molar enthalpy at the respective temperature of measurement T (K) and H Sample,DT the molar enthalpy at drop temperature. The molar enthalpy differences (H Sample,FT À H Sample,DT ) were calculated using the polynomials of pure elements from Dinsdale. 25) The approximate partial enthalpies of each drop element in the ternary Cu-In-Sn system could be determined directly by
The integral enthalpy of mixing was calculated by
All the samples were prepared from copper wire (99.98+%, Goodfellow, Cambridge, UK), indium rods (99.999%, ASARCO, South Plainfield, NJ) and tin rods (99.9985%, Alfa Johnson Matthey, Karlsruhe, Germany). Indium rods and tin rods were cleaned with a piece of fine sand paper before using. The copper wire was cleaned under H 2 -flow at 423 K for 2 hours to remove oxide layer.
In the ternary Cu-In-Sn system the enthalpies of mixing on 9 cross-sections (see Fig. 1 ) were determined at 1073 K. 
Results and Discussions
Experimental results
The original experimental data of all the measurements can be found in Table 1. The table includes information The starting values of three Cu-In alloys were directly taken from our measurements at 1073 K.
11) It can be seen Continued on the next page.
from Fig. 2 that the enthalpies of mixing in these sections become less exothermic as Sn content increases. The starting values of three Cu-Sn alloys were taken from measurements by Flandorfer et al. 16) It can be seen from Fig. 3 that the enthalpies of mixing in these sections also become less exothermic as the In content increases. The starting values of three In-Sn alloys were directly taken from measurements by Luef et al. at 1173 K.
22) It can be seen from Fig. 4 that the enthalpies of mixing in these 3 sections become more exothermic as the Cu content increases. Continued on the next page.
Binary and ternary modeling
The experimental data were treated with a least-square fit based on Redlich-Kister-Muggiano model, 11) and measurements at 1173 K by Luef et al., 22) respectively. The interaction parameters of Cu-Sn system were directly taken from Flandorfer et al.
16) The optimized interaction parameters in this ternary system are shown in Table 2 . The iso enthalpy curves (kJ/mol) of the ternary liquid Cu-In-Sn system at 1073 K were calculated based on our optimized parameters and presented in Fig. 5. 
Temperature effect on ternary system
The thermodynamic investigations of Cu-In and Cu-Sn systems in our group have shown that the enthalpies of mixing of these two systems are strongly temperature dependant. In order to check the temperature effect on the enthalpies of mixing in ternary system, the enthalpies of mixing of two cross-sections were measured at 973 K, and the results were presented in Table 3 . It can be seen in Figs. 6 and 7 that the enthalpies of mixing in ternary system are also temperature dependant. The enthalpies of mixing at low temperature become less exothermic than those at high temperature as Sn content increases.
Comparison with extrapolation models
Three different extrapolation models were used to calcu- late the enthalpy of mixing in the ternary system, which were compared with our measurements. Kohler 26) and Muggiano 27) models use symmetric extrapolation to predict ternary thermodynamic quantities based on binary systems, whereas Toop 28) model is asymmetric model. Three cross-sections were taken as an example shown in Fig. 8 . It can be seen that the calculations based on Toop model agree well with our measurements, and the other two models (Kohler and Muggiano) differ dramatically from the experimental data. Obviously, this ternary system is asymmetric based on the three binary systems because the enthalpy of mixing curve of Cu-In and Cu-Sn are quite similar, but In-Sn shows a different shape. Here, the Cu is an asymmetric component. Therefore, the ternary thermodynamic properties can be reasonably predicted by the accurate experimental data of three binary systems and an appropriate model determined by the properties of three binary systems.
Comparison with CALPHAD results
CALPHAD method is a very important approach to developing lead free solder database. Liu et al. 23) optimized this ternary system based on phase equilibrium data. Their optimized interaction parameters were taken to calculate enthalpies of mixing of liquid ternary alloys. Three crosssections were taken to make a comparison. It can be obviously seen from Fig. 9 that the calculations based on Liu et al.'s optimization differ too much from our measurements and fitted values. What causes such large deviation? When Liu et al. optimized this ternary system, they included only phase equilibrium data without any ternary thermodynamic data for their optimization. Thus the accurate thermodynamic data are indispensable for a reliable lead free solder database.
Summary
The partial and integral enthalpies of mixing in liquid ternary Cu-In-Sn system were investigated by calorimetric method. The experimental data were optimized based on the Redlich-Kister-Muggiano model, which can be used in a lead free solder database. The measurements at different temperature show that the enthalpies of mixing of liquid ternary system are temperature dependant. It is clearly shown that thermodynamic data are essential to CALPHAD by comparing our results with calculations from Liu et al.
